Abstract. Gastric cancer mainly metastasizes via lymphatic vessels. Thus, it is critical to identify efficacious chemopreventive agents for lymphangiogenesis. The present study was undertaken to explore the effects of rosiglitazone (ROSI) on the growth and lymphangiogenesis of human gastric cancer. We established a model of gastric cancer by subcutaneously inoculating the human gastric cancer cell line SGC-7901 into nude mice. Mice were randomly divided into 4 groups and each group received a different agent by oral gavage. The control group received normal saline and treatment groups received different doses of ROSI once every 2 days.
Introduction
Gastric cancer is the fourth most common cancer and remains the second most common cause of cancer-related mortality in the world although its incidence and mortality has declined over the last half-century (1, 2) . Surgery is the most common treatment for gastric cancer. However, gastric cancer is difficult to cure unless it is found in an early stage (before it has begun to spread). Unfortunately, most cancer patients present with metastasis or advanced disease when the diagnosis is made. As a result, surgical interventions are currently curative in less than 40% of cases (3) , and in cases of metastasis, may only be palliative. Generally, these patients should receive systemic chemotherapy apart from surgical resection. Nevertheless, gastric cancer has not been particularly sensitive to these drugs, and chemotherapy, if used, has usually served to merely reduce the size of the tumor, relieve symptoms of the disease and increase survival time.
Metastatic spread of tumor cells often occurs via the lymphatic vessels (4) . Tumor-associated lymphatic vessels, also referred to as tumor lymphangiogenesis, act as a conduit by which disseminating tumor cell access regional lymph nodes and form metastases (5) (6) (7) . Thus, tumor lymphangiogenesis plays an important role in promoting tumor metastasis. Since lymph node metastasis is an early event in the metastatic process (8) , use of chemopreventive agents to block lymphangiogenesis pathways seems to be an attractive anticancer treatment strategy.
Rosiglitazone (ROSI), a synthetic peroxisome proliferatoractivated receptor γ (PPARγ) agonist, is a member of the thiazolidinedione (TZD) agents. These PPARγ ligands were clinically used as antidiabetic drugs which could attenuate the insulin resistance associated with obesity, hypertension, and impaired glucose tolerance in humans (9) . Recent studies suggested that ROSI have significant anticancer effects on various human malignant tumor cells in vitro, including gastric, breast, colorectal, bladder, adrenocortical and pancreatic cancer types (10) (11) (12) (13) (14) (15) . In vivo, ROSI also exhibited antitumor activities in the prevention of lung, breast, prostate, and adrenocortical cancer (16) (17) (18) (19) . These studies show that ROSI exerts its anti anticancer effect by inducing cancer cell growth arrest, differentiation and apoptosis, or by inhibiting neovascularization of cancer and suppressing tumor migration.
However, the roles of ROSI in tumor lymphangiogenesis and lymphatic metastasis were unclear. Since nearly 85% of tumors were accompanied by lymph node metastasis in gastric cancer patients present with advanced stage (20) , in the present study, we investigated for the first time the effect of ROSI on the growth and lymphangiogenesis of human gastric cancer transplanted in nude mice, so as to explore whether ROSI is a potential anti-lymphangiogenic agent for gastric cancer therapeutic strategy.
Materials and methods
Cells and cell cultures. Human gastric cancer cell line, SGC-7901, was obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). SGC-7901 cells were cultured in RPMI-1640 medium (Gibco-BRL, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS) (Hangzhou Sijiqing Biological Engineering Materials Co., Ltd, China) and 1% antibiotics (100 U/ml penicillin G, 100 U/ml streptomycin sulfate). Cells were maintained in logarithmic growth in a humidified atmosphere of 5% CO 2 at 37˚C. Adherent tumor cells were harvested from subconfluent cultures by a brief exposure to trypsin [containing 0.25% phosphate buffered saline (PBS) and 0.05% ethylenediaminetetraacetic acid (EDTA)], trypsinization was stopped with medium containing 10% serum, and the cells were washed once and resuspended in serum-free medium. Trypan blue staining was used to assess cell viability, and only single-cell suspensions of >95% viability were used for injections.
Animal experiment procedure. Thirty-two BALB/C male nude mice weighing 16-18 g at 6-8 weeks of age were purchased from Beijing Laboratory Animal Research Center (Beijing, China). All procedures involving mice were approved by the University of South China Animal Management Committee and Beijing City Animal Management Committee. Mice were kept under specific pathogen-free conditions in accordance with the NIH guidelines for the care and use of laboratory animals, fed a standard rodent chow and maintained in a temperature-controlled (23-25˚C) facility with a strict 12 h light/dark cycle and given free access to food and water. Each mouse was inoculated with a subcutaneous injection of SGC-7901 cells (2x10 6 in 0.2 ml PBS) on the right side of the back. One day after inoculation of tumor cells, the mice were randomly divided into 4 groups of 8 mice and each group received a different dose of ROSI (Cayman Chemical Company, Ann Arbor, MI, USA), i.e., group A (control group) received normal saline, group B received ROSI 50 mg/kg, group C received ROSI 75 mg/kg and group D received ROSI 100 mg/kg. Each group was treated with the same volume (0.2 ml) by oral gavage once every 2 days for 42 days. After 42 days, the mice were sacrificed and the gastric cancer tissues were stored at -70˚C for further analysis.
Tumor growth assessment. To assess the tumor growth, tumor size was measured with a sliding caliper for a maximal diameter (a) and a minimal diameter (b) at 2, 7, 12, 17, 22, 27, 32, 37 and 42 days after tumor cell inoculation, and then the volume (V) and the tumor growth inhibition rate (IR) were calculated using the following formula: V = a x b 2 /2; IR (%) = (1 -V of ROSI treatment group/V of control group) x 100%.
Hematoxylin and eosin (H&E) staining for histomorphological examination. Tumor tissues were fixed in 10% neutral buffered (formalin) for 24 h and then embedded in paraffin. The paraffinembedded tissue blocks were cut into 4 µm sections. After baking at 65˚C for 60 min, the sections were de-paraffinized and hydrated gradually, and examined after routine H&E staining. The histomorphology of tumor cells was observed by light microscopy at a magnification of x400.
Immunohistochemistry staining for lymphatic vessel density (LVD).
In order to evaluate tumor lymphangiogenesis, we performed immunohistochemistry staining using D2-40 antibody for LVD. The LVD was defined as the average number of D2-40 positive vessels. In brief, formalin-fixed, paraffinembedded tissue blocks were cut into 4 µm sections and baked at 65˚C for 60 min. The sections were de-paraffinized and hydrated gradually, then heated in a microwave oven for 15 min to retrieve antigens. Endogenous peroxidase was blocked with 3% hydrogen peroxide methanol for 15 min at room temperature. After washing with PBS (0.01 M, pH 7.4) for 3x5 min, the tumor sections were incubated with normal bovine serum for 30 min at room temperature to eliminate nonspecific staining. Mouse anti-human D2-40 antibody (1:200 dilution; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) was incubated with the sections overnight at 4˚C. After washing with 0.01 M PBS for 3x5 min, tissue sections were treated with goat anti-mouse IgG secondary antibody (Dako, Denmark) for 1 h at room temperature. Finally, tissue sections were immersed in 3-amino-9-ethyl carbazole (DAB) (Sigma-Aldrich) for 5-10 min at room temperature, washed with water, and then counterstained with 10% Mayer's hematoxylin. Negative and positive controls were used simultaneously to ensure the specificity and reliability of the staining process. The negative controls were performed by substituting PBS for the primary antibody, and a positive section supplied by the manufacturer of the staining kit was registered as a positive control. Sections were observed under a microscope after being mounted.
All sections were coded and evaluated by 2 experienced pathologists. All the stained vessels with brown by D2-40 immunostaining were observed as typically positive lymphatic vessels in thin-walled and tube-like structures exhibiting a distinct inner cavity and devoid of red blood cells. LVDs (D2-40-positive vessels) were calculated as described by Ohno et al (21) . Briefly, sections were first scanned at a low magnification (x40) to identify lymphatic vessel hot spots. Areas of the greatest vessel density were then examined and counted under a higher magnification (x200), and the average value of the 5 measurements was used for data analysis.
RT-PCR assay for vascular endothelial growth factor (VEGF)-C and VEGF receptor-3 (VEGFR-3) mRNA expressions.
Tumor tissues were homogenized in a TissueLyzer homogenizer (Qiagen, Hilden, Germany) with 5-mm steal beads. Total RNA was extracted using TRIzol reagent (Omega, USA) according to the manufacturer's instructions. Reverse transcription was performed using 1.0 µg total RNA and the reverse transcription system (Sangon Biotech Co., Ltd., Shanghai, China). PCR amplification was produced by a Biometra TGradient Thermoblock (Biometra, Göttingen, Germany) in a reaction mixture of 25 µl reaction volumes containing amplification primers. A 1 µl volume of cDNA was used in each amplification reaction. The sequences of specific primers were: VEGF-C mRNA forward, 5'-GCTT CTTGTCTCTGGCGTGTTC-3' and reverse, 5'-AAACTGAT TGTGACTGGTTTGG-3'; VEGFR-3 mRNA forward, 5'-AGA TGCAGCCGGGCGCTGCGCT-3' and reverse, 5'-TAGGCT GTCCCCGGTGTCAATC-3'; β-actin mRNA forward, 5'-TC GTGCGTGACATCAAAGAG-3' and reverse, 5'-TGGACAG TGAGGCCAAGATG-3'. Amplification was performed as follows: 94˚C, 5 min; 94˚C, 15 sec; 68˚C, 3 min and 68˚C, 3 min for 35 cycles. The PCR products were 583 bp for VEGF-C; 143 bp for VEGFR-3 and 429 bp for β-actin. These PCR products were electrophoresed on a 1.5% agarose gel and visualized by ethidium bromide staining. Densitometries of the bands were scanned and quantified by the LabWork software (LabWork™ version 3.00; Upland, CA, USA). Data were normalized against those of the corresponding β-actin bands. Results were expressed as fold increase over β-actin.
Western blotting for VEGF-C and VEGFR-3 protein expressions.
The cell proteins were extracted according to NE-PER Nuclear and Cytoplasmic Extraction Reagents kit (Pierce Biotechnology, Inc., Rockford, IL, USA). The protein concentration of each sample was determined by the Bradford assay. Twenty micrograms of proteins of different groups were separated in 10% SDS-PAGE, and transferred onto PVDF membrane (Amersham Pharmacia Biotech). The membrane was blocked with 5.0 % nonfat milk in PBS at 4˚C for 1 h and then incubated with rabbit anti-human VEGF-C antibody (1:40 dilution), rabbit anti-human VEGFR-3 antibody (1:100 dilution) (both from Santa Cruz Biotechnology, Inc.) or mouse anti-human β-actin (1:200 dilution; Xiaxin, China) overnight at 4˚C. After washing 3 times with 0.1% Tween-20 in Trissaline, the membranes were incubated with goat anti-mouse or rabbit IgG conjugated with horseradish peroxidase at 1:1,000 in PBS for 1 h at room temperature. Blots were processed using an ECL kit (Santa Cruz Biotechnology, Inc.) and exposed to X-ray film. Densitometries of the bands were scanned and quantified by the LabWork software (LabWork ™ version 3.00). Data were normalized against those of the corresponding β-actin bands. Results were expressed as fold increase over β-actin.
Statistical analyses. All experiments were repeated at least 6 times. SPSS 13.0 was used for the statistical analyses. Data are presented as the means ± SD. Comparisons were made using a one-way ANOVA or paired t-test. p<0.05 was considered to indicate statistically significant differences.
Results
Effects of ROSI on the growth of human gastric cancer transplanted in nude mice. Fig. 1 shows the effects of ROSI on the growth of human gastric cancer transplanted in nude mice in a dose-dependent manner. Before transplantation of human gastric cancer into nude mice, the weight of nude mice had no significant difference among each group (p>0.05). Following transplantation, the volume of the tumor in nude mice increased gradually with time. However, compared with the volumes of tumor in the group treated with normal saline Figure 1 . The inhibitory effects of rosiglitazone (ROSI) on the growth of human gastric cancer transplanted in nude mice. One day after inoculation of tumor cells, mice were randomly divided into 4 groups and each group was treated with a 0.2 ml different agent by oral gavage once every 2 days for 42 days. Tumor volume was measured at 2, 7, 12, 17, 22, 27, 32, 37 and 42 days after tumor cell inoculation. Group A (control group), mice were treated with normal saline; group B, mice were treated with ROSI 50 mg/kg; group G, mice were treated with ROSI 75 mg/kg; group D, mice were treated with ROSI 100 mg/kg. (group A), those in other groups treated with different doses of ROSI were gradually attenuated with the increasing dose of ROSI every day. After 42 days of transplantation, the tumor volume in the groups treated with different ROSI doses were all significantly smaller than those in the group treated with normal saline. Correspondingly, the tumor growth inhibition rate gradually increased with the increasing dose of ROSI every day and reached the maximum at day 42. These results demonstrated that ROSI inhibits the tumor growth of human gastric cancer in a time-and dose-dependent manner. The tumor volume changes and tumor growth inhibition rate at day 42 are shown in Table I .
Effects of ROSI on the histomorphology of gastric cancer cells.
To observe the histomorphological changes of gastric cancer cells, H&E staining was performed on the tumor tissue prepared from nude mice after 42 days of transplantation with human gastric cancer. The morphology of tumor cells was characterized by both nuclear and cytoplasmic alteration. Nuclear features included the presence of peculiar enlargement with hyperchromatism, irregularity of outline, and chromatin clumping or smudging. Cytoplasmic alterations included abundant cytoplasm, vacuolation, or foam cell formation.
Our findings showed that the number of typical tumor cells in the group treated with normal saline (group A) was more than that in other groups treated with different ROSI doses. Fig. 2 shows the representative microscopic view of the H&E staining for tumor cells in nude mice treated with normal saline and different ROSI dose at a magnification of x400, which illustrated that ROSI inhibited tumor cell formation in a dose-dependent manner.
Effects of ROSI on the lymphangiogenesis of gastric cancer.
Immunohistochemical staining assays demonstrated that there was a significantly different expression of D2-40 between control group and treatment groups, with the highest level of expression for D2-40 being found in the control group with normal saline (group A) and the lowest in the treatment group with ROSI at 100 mg/kg/2 days (group D). The typically D2-40-positive vessels (lymphatic vessels) in the control group were evidently more than those in the treatment group. These outcomes indicated that ROSI inhibited the lymphangiogenesis of human gastric cancer transplanted in nude mice in a dose-dependent manner. The representative microscopic view of the immunohistochemical staining for LVD using D2-40 antibody in nude mice treated with normal saline and different Immunohistochemical staining for lymphatic vessel density (LVD) human gastric cancer transplanted in nude mice. One day after inoculation of tumor cells, mice were randomly divided into 4 groups and each group was treated with a 0.2 ml different agent by oral gavage once every 2 days for 42 days. The sections of tumor tissues were prepared from nude mice at 42 days after inoculation of tumor cells. Immunohistochemical staining was performed using a specific and sensitive immunohistochemical marker of lymphatic endothelial cells, D2-40. Present sections were examined with a microscope at x400 magnification. Yellow arrows indicate typically positive lymphatic vessels. Group A (control group), mice were treated with normal saline; group B, mice were treated with rosiglitazone (ROSI) 50 mg/kg; group C, mice were treated with ROSI 75 mg/kg; group D, mice were treated with ROSI 100 mg/kg. One day after inoculation of tumor cells, mice were randomly divided into 4 groups and each group was treated with a 0.2 ml different agent by oral gavage once every 2 days for 42 days. The sections of tumor tissues were prepared from nude mice at 42 days after inoculation of tumor cells and examined with a microscope at x400 magnification. Group A (control group), mice were treated with normal saline; group B, mice were treated with rosiglitazone (ROSI) 50 mg/kg; group C, mice were treated with ROSI 75 mg/kg; group D, mice were treated with ROSI 100 mg/kg. ROSI dose at a magnification of x400 is illustrated in Fig. 3 , and the average value of D2-40-positive vessels in 5 hot spot areas at x200 magnifications (LVD) is summarized in Table II . Fig. 4A and B) showed that the expressions of VEGF-C proteins were clearly inhibited in nude mice treated with ROSI when compared to that in nude mice treated with normal saline after 42 days of transplantation. Moreover, with the increasing doses of ROSI, the inhibitory effects of ROSI on VEGF-C proteins were more significant.
Effects of ROSI on the VEGF-C and VEGFR-3 protein expressions of gastric cancer. Western blot analysis (
Similarly, Fig. 4C and D showed that the expression levels of VEGFR-3 protein were also gradually decreased with the ROSI dose.
Effects of ROSI on the VEGF-C and VEGFR-3 mRNA expressions of gastric cancer.
We further performed RT-PCR analysis for VEGF-C and VEGFR-3 mRNA expression of human gastric cancer transplantation in nude mice.
Consistent with VEGF-C protein expression, Fig. 5A and B showed that the expression levels of VEGF-C mRNA in nude mice treated with ROSI were significantly lower than in nude mice treated with normal saline after 42 days of transplantation. Furthermore, with the increase of ROSI doses, the decrease of VEGF-C mRNA levels was more significant. 
Discussion
In the present study, we investigated the effects of ROSI on the growth and lymphangiogenesis of human gastric cancer transplanted in nude mice. Our study demonstrated that nude mice treated with different doses of ROSI had significantly decreased tumor growth, clear histomorphological changes and less lymphangiogenesis when compared with those treated with normal saline. Furthermore, VEGF-C and VEGFR-3 expressions in nude mice treated with different ROSI dose were significantly lower than in nude mice treated with normal saline. These results indicated that ROSI had inhibitory effects on the growth and lymphangiogenesis of human gastric cancer, and these effects may be mediated through modulation of VEGF-C and VEGFR-3 expression.
PPARs are ligand-activated transcription factors that belong to the nuclear hormone receptor superfamily (22) . They control several cellular and metabolic processes. Three subtypes, PPARα, PPARβ/δ and PPARγ, have been identified. Of these, PPARγ is considered a key regulator of adipocyte differentiation (23) (24) (25) , and plays an important role in the induction of apoptosis, inhibition of tumor cell growth and Figure 4 . Effects of rosiglitazone (ROSI) on the VEGF-C and VEGFR-3 protein expressions of gastric cancer. One day after inoculation of tumor cells, mice were randomly divided into 4 groups and respectively treated with normal saline (group A), ROSI 50 mg/kg/2 days (group B), ROSI 75 mg/kg/2 days (group C) or ROSI 100 mg/kg/2 days (group D) for 42 days. After 42 days, the VEGF-C and VEGFR-3 proteins of gastric cancer tissues in nude mice were determined by western blot assay. (A) Western blot assays for VEGF-C protein expressions in every group. Blots were processed using an ECL kit and exposed to X-ray film. differentiation, inhibition of tumor associated angiogenesis and regulation of immune system (26, 27) . Perturbed PPARγ signaling has been implicated in the formation of various solid tumors, such as breast, stomach, colorectal and thyroid carcinomas (28) (29) (30) (31) (32) . Therefore, PPARγ and its ligands have been extensively evaluated as potential molecular targets for anticancer drug development in the past several years.
TZDs, including ROSI, troglitazone and pioglitazone, are synthetic PPARγ ligands. Previous studies have demonstrated that TZDs could inhibit gastric cancer cell line growth (10, 33) . In addition, Lu et al (34) found that PPARγ (+/-) mice were more susceptible to N-methyl-N-nitrosourea-induced gastric cancer than wild-type (+/+) mice, and troglitazone significantly reduced the incidence of gastric cancer in PPARγ (+/+) mice but not in PPARγ (+/-) mice. These results suggested that through PPARγ-dependent mechanism, TZDs inhibited gastric cancer cell growth. In the present study, we established a model of gastric cancer by subcutaneously inoculating human gastric cancer cell line SGC-7901 into nude mice and found that all the ROSI treatment groups had smaller tumor volume and higher tumor growth inhibitory rate when compared with the control group every day. Moreover, the number of typical tumor cells in the control group was more than that in ROSI treatment groups. Markedly, the inhibitory effect of ROSI on the growth was more significant in the higher ROSI doses. These findings were consistent with previous studies (10, 33) , confirming that ROSI was able to inhibit the growth of human gastric cancer.
In gastric cancer, both angiogenesis and lymphangiogenesis are important events related to tumor growth and progression (35) (36) (37) . In fact, gastric cancer mainly metastasizes via lymphatic vessels (20) . Recent evidence suggests that tumor lymphangiogenesis promotes lymphatic metastasis (6, 8, 38) . The induction of lymphangiogenesis in the sentinel lymph node started even before tumor cells had arrived (6, 38) . Thus, tumor lymphangiogenesis is an important early event of cancer metastasis. However, less focus has been on the role of PPARγ or ROSI on lymphangiogenesis although studies have suggested that ROSI may have significant anticancer activities in various human malignant tumors in vitro and in vivo (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . In order to evaluate the effects of ROSI on the lymphangiogenesis of gastric cancer, we performed immunohistochemistry assay for LVD using D2-40 (podoplanin) antibody. D2-40 is a specific and sensitive marker of lymphatic endothelial cells and is useful in detecting lymphatic invasion by malignant tumors (39, 40) . Our data showed that there was a significantly different expression of D2-40 between the control group and treatment groups. The number of LVD in the control group was significantly greater than that in other ROSI treatment groups. This demonstrated that ROSI could inhibit the lymphangiogenesis of human gastric cancer transplanted in nude mice. Lymphangiogenesis is driven primarily by the VEGF-C and VEGF-D, members of the VEGF family of angiogenic factors. These growth factors specifically activate their cognate receptor tyrosine kinase VEGFR-3 located on lymphatic endothelial cells to induce lymphatic capillary proliferation and growth (41, 42) . Recent studies have demonstrated that VEGF-C/VEGFR-3 axis is actively involved in regulating the migratory and invasive activities of cancer cells (43, 44) . Of note, the high expression of VEGF-C was found in early gastric cancer patients with lymph node micrometastasis (45) . To gain further insight into whether ROSI would affect the expressions of these molecules, we determined the expression changes of VEGF-C and VEGFR-3 mRNA and their proteins in nude mice transplanted with human gastric cancer. Our data demonstrated that the expression levels of VEGF-C protein and mRNA in transplanted gastric tumor tissue were gradually decreased with the ROSI dose. At the same time, the expression levels of VEGFR-3 protein and mRNA were also gradually decreased with the ROSI dose. These results were similar to the study reported by Liu et al (46) , who revealed that norcantharidin suppressed lymphangiogenesis in human lymphatic endothelial cells by simultaneously blocking VEGF-C and VEGF-D/VEGFR-3. Collectively, our findings indicated that through simultaneously inhibiting VEGF-C and VEGFR-3 expressions, ROSI blocked the lymphangiogenic signaling and then prevented lymphangiogenesis.
In conclusion, the present study provided evidence that by suppressing VEGF-C and VEGFR-3 expressions, ROSI inhibits the lymphangiogenesis and then inhibits the growth of human gastric cancer transplanted in nude mice, which suggests that ROSI may be an attractive anticancer agent for gastric cancer. However, further studies to clarify the mechanisms by which ROSI downregulates VEGF-C and VEGF-3 expressions in human gastric cancer are required.
